Introduction
Iron (Fe) is the fourth most common element in the earth's crust and highly abundant in almost all soil types. Its bio-availability, however, is severely restricted due to an extremely low solubility at neutral or basic pH. In plants, Fe is required for basic redox reactions in photosynthesis and respiration and for many vital enzymatic reactions associated with DNA replication, lipid metabolism and nitrogen fixation. Iron deficiency is the most common nutritional disorder worldwide, affecting a large portion of the world's population.
Understanding how cellular Fe homeostasis is maintained provides a basis for engineering plants with enhanced Fe concentration in eatable plant parts and may help to counteract malnutrition when plants are the major nutrient source in the diet.
Plants have developed sophisticated mechanisms to balance changes in Fe availability. Iron is acquired by two mutually exclusive mechanisms, referred to as strategy I and strategy II (Römheld and Marschner, 1986) . In strategy II plants such as maize, ferric Fe is chelated by siderophores which are secreted by plant roots and the Fe-siderophore complex is taken up by an oligo-peptide transporter, YELLOW-STRIPE 1 (Curie et al., 2001) . The strategy II is confined to the grasses. In the strategy I plant Arabidopsis thaliana, ferric Fe is first reduced by the FERRIC REDUCTION OXIDASE 2 (FRO2), and the released ferrous Fe is then transported across the plasma membrane by IRON REGULATED TRANSPORTER 1 (IRT1), a member of the ZIP family (Robinson et al., 1996; Eide et al., 1996; Vert et al., 2002) . Both genes are regulated by a heterodimeric complex consisting of the FER-LIKE IRON DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT) and either bHLH38 or bHLH39 (Colangelo and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2008) . All three genes are Fe-responsive, indicating regulation by upstream components. The sensor for Fe has not yet been identified.
The low substrate specificity of IRT1 allows the transport of other essential and non-essential metals alongside Fe, which necessitates the concerted action of an array of transporters that of robustly Fe-responsive transcripts, the overlap between the changes in the proteome and transcriptome is remarkably small. Out of 92 transcripts that changed in abundance by 2-fold upon Fe deficiency, only 17 of the encoded proteins were found to be differentially expressed under Fe-deficient conditions (Table 1) . Different factors may contribute to the small overlap.
Firstly, proteins with low abundance might not be reliably detected and thus did not match the criteria that define them as differentially accumulated, while the transcript levels of the corresponding genes are significantly changed. Secondly, several proteins with high abundance are differentially expressed upon Fe deficiency, but they have important housekeeping functions and the transcript levels does not match the two-fold change criteria used in most microarray studies. For example, the three methionine synthases MAT1, MAT2 and MAT3 were found to be significantly increased upon Fe deficiency at the protein level, while the changes in transcript levels were 2.63, 1.13, and 1.55 for MAT1, MAT2 and MAT3 in previously reported microarray experiments. Thus, only MAT1 was found in the list of differentially expressed genes (Yang et al., 2010) . Finally, a change in transcript abundance may or may not be translated into changes in protein level. Posttranscriptional regulatory processes such as alternative splicing, RNA processing and other processes may affect the efficiency of translation. A generally low congruency of proteomic and transcriptional profiles has been previously reported (e.g. Gallardo et al., 2007) .
Differentially expressed proteins reveal new aspects of the Fe deficiency response
Proteins that were differentially expressed upon Fe deficiency were enriched in the GO categories 'response to oxidative stress' (six proteins) and 'SAM biosynthetic process' (three proteins, p = 1e-6 to 1e-4). Four marker for the Fe status, the ferric reductase FRO2, the nicotianamine synthase NAS4, and the Fe storage proteins FER1 and FER3, were found to be strongly affected by Fe deficiency both at the protein and transcript level (Table 1, Fig. 3 ).
Consistant with our previous observations at the transcriptional level (Yang et al., 2010) , the plastidic ARABIDOPSIS THALIANA NUCLEOSOME ASSEMBLY PROTEIN 1 (ATABC1/NAP1), a homolog of prokaryotic SufB protein important in the repair of oxidatively damaged Fe-S clusters (Xu et al., 2005) , was found to be down-regulated. ATABC1/NAP1 interacts with NAP6 and NAP7 to form a NAP1-NAP7-NAP6 complex (Xu et al., 2005) . Both NAP6 and NAP7 exhibited decreased abundance in Fe-deficient roots relative to Fe-sufficient controls in both experiments; although, the latter protein was slightly below the threshold used here. It has been speculated that ATABC1/NAP1 act as a plastidic Fe sensor, adjusting the assembly or repair of Fe-S clusters to the Fe status (Xu et al., 2005) . While this assumption awaits experimental confirmation, the present results qualify ATABC1/NAP1 as a sensitive gene/protein marker for the Fe status of the cell. FE SUPEROXIDE DISMUTASE 1 (FSD1), another Fe marker, showed decreased abundance that was compensated for by increased expression of COPPER/ZINC SUPEROXIDE DISMUTASE 1.
For some of the highly induced proteins, such as the glutathione transferase GSTL1, the germin-like protein GLP5, the cytochrome P450 CYP82C4, the oxidoreductase At3g12900, and the kelch repeat-containing protein At3g07720, the function in Fe homeostasis remains elusive.
The level of the latter protein has been shown to increase upon Zn overload, pointing to a possible role in Zn homeostasis (Fukao et al., 2009) . Transcriptional profiling experiments revealed that the corresponding gene was also responsive to elevated Zn concentrations, supporting this assumption (Mortel et al., 2006) . Zn concentrations are reportedly increased upon Fe deficiency due to the low specificity of IRT1 (Vert et al., 2002) .
The ACTIN DEPOLYMERIZING FACTORS (ADFs) are members of a small family functioning in the remodeling of the actin cytoskeleton in response to environmental cues (Bamburg, 1999; Ruzicka et al., 2007) . ADF2 and ADF11 showed increased abundance upon Fe deficiency, but they have not been reported to be responsive to Fe deficiency at the transcriptional level. ADF11 was found to be distinctly expressed in developing trichoblast cells, possibly indicating a function in the changes in root hair differentiation induced by Fe deficiency.
Two out of seven Arabidopsis phytocystatins, CYS1 and CYS2, were up-regulated upon Fe deficiency. Phytocystatins belong to a superfamily of cysteine proteases widely distributed among eukaryotes. Plant cystatins have well documented roles in developmental processes and biotic and abiotic stresses (Gaddour et al., 2001; Zhang et al., 2008; Hwang et al., 2010) . Root expression of CYS2 was confined to the root tip, representing the first root/soil contact point.
Both genes were up-regulated in response to various abiotic stresses, indicating a possible function of CYS1 and CYS2 in Fe deficiency signaling or in the control of root development in response to environmental cues.
Fe deficiency alters respiration and ATP-coupled transport processes
Five proteins functioning in respiration, the cytochrome-c oxidase At4g21105, the ubiquinolcytochrome c reductase complex ubiquinone-binding protein At3g10860 and three components of mitochondrial complex I, At2g27730, At2g47690, and At4g20150 (Klodmann et al., 2010) , 1 0 deficiency. Alternatively, the increase in ELF5A-1 and ELF5A-3 upon Fe deficiency may be explained by other reported functions of these proteins such as cell growth, senescence and xylem development (Liu et al., 2008; Ma et al., 2010) . Interestingly, the translation initiation factor At2g05830 is regulated by the transcription factor FIT (Colangelo and Guerinot, 2004) .
S-adenosylmethionine is a central metabolite in Fe-deficient roots
Several proteins related to the synthesis/consumption of SAM showed increased abundance upon Fe deficiency, placing SAM in a central position in the metabolism of Fe-deficient plants (Fig. 5) . SAM is synthesized from L-methionine by S-methionine adenosyltransferase (MAT).
SAM synthetases are massively up-regulated at the protein level upon Fe starvation, in accordance with previous proteomic studies in tomato, cucumber and Chlamydomonas (Li et al., 2008; Li and Schmidt, 2010, Reinhardt et al., 2006) . The protein abundance of three out of four Arabidopsis MAT isoenzymes, MAT1, MAT2 and MAT3, was increased by Fe deficiency. Two enzymes with a proposed function in the salvage of L-methionine from methylthioadenosine, ARD2 and At5g53850, were also induced by Fe starvation. SAM is an important methyl donor in transmethylation reactions and a substrate for the biosynthesis of NA from three molecules of SAM by NICOTIANAMINE SYNTHASE (NAS), encoded by four isogenes in Arabidopsis (Shojima et al., 1990; Herbik et al., 1999) . Ectopic expression and mutations of NA synthases have detrimental effects on Fe homeostasis (Brumbarova and Bauer, 2005; Klatte et al., 2009; Cassin et al., 2009) . In strategy II plants, NA is a direct precursor of phytosiderophores (Mori, 1999) . Thus, induction of NAS genes under Fe-deficient conditions appears to be a central and conserved response. NAS4 was among the most up-regulated proteins, suggesting that NA synthesis is depleting the pool of SAM under conditions of Fe deficiency. Together these data demonstrate that SAM is a central player in the metabolism of Fe-deficient roots as a precursor of NA besides its function as methyl group donor.
1 1 induced by Fe deficiency. This step represents a further sink for SAM, which is converted into Sadenosyl-L-homocysteine (SAH) (Fig. 5) . Mutation in CCoAOMT and in F6'H1 were shown to cause a reduction in the levels of scopoletin and its β -glucoside scopolin in the roots (Kai et al., 2008) , implying that both enzymes are involved in biosynthesis of scopoletin. used to generate potentially functional modules (see Materials and Methods for details). To be added to a cluster, a fished protein had to have high or medium interolog confidence to at least two bait proteins. Proteins that were differentially expressed were used as bait. The data base query resulted in a network comprised of 58 proteins, 19 of which were 'bait' proteins ( Fig. 6 ).
Proteins in this cluster were strongly enriched in the GO categories 'mRNA metabolic process' (p < 1e-10), 'protein RNA complex assembly' and 'translation initiation' (p < 1e-6 to 1e-4). In particular, five proteins with predicted or experimentally verified function in mRNA splicing were part of the network, providing a possible explanation for the small overlap of differentially expressed genes and proteins (Supplemental Table S3 Arabidopsis (Arabidopsis thaliana L.) plants were grown in a growth chamber on an agarbased medium as described by Estelle and Somerville (1987) 
In-solution trypsin digestion and iTRAQ labeling
Total protein (100 μ g) was reduced by adding dithiothreitol (DTT) to a final concentration of 1 4 temperature in the dark. Then, DTT (10 mM) was added to the mixture to consume any free IAA by incubating the mixture for 1 h at room temperature in the dark. Proteins were then diluted by 50 mM TEAB and 1 mM CaCl 2 to reduce the urea concentration to less than 0.6 M, and digested with 40 μ g modified trypsin (Promega) at 37°C overnight. The resulting peptide solution was acidified with 10% trifluoroacetic acid and desalted on a C18 solid-phase extraction cartridge.
Desalted peptides were then labeled with iTRAQ reagents (Applied Biosysterms) according to the manufacturer's instructions. Control samples (proteins extracted from roots of +Fe plants)
were labeled with reagent 114; samples from Fe-deficient roots were labeled with reagent 117.
Two independent biological experiments with three technical repeats each were performed. The reaction was allowed to proceed for 1 h at room temperature. Subsequently, treated and control peptides were combined and further fractionated offline using high-resolution cation exchange chromatography (PolySulfoethyl A, 5 micron 200 Å bead). Totally, 40 fractions were collected and combined into 20 final fractions according to the peak area. Each final fraction was lyophilized in a centrifugal speed vacuum concentrator. Samples were stored at -80°C.
MS/MS analysis
Nano-HPLC-MS/MS analysis was performed on a nanoAcquity system (Waters, Milford, MA)
connected to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Electron, Bremen, Germany) equipped with a PicoView nanospray interface (New Objective, Woburn, MA).
Peptide mixtures were loaded onto a 75 μ m ID, 25 cm length C18 BEH column (Waters, Milford, MA) packed with 1.7 μ m particles with a pore size of 130 Å and were separated using a segmented gradient in 90 min from 5% to 40% solvent B (acetonitrile with 0.1% formic acid) at a flow rate of 300 nl/min and a column temperature of 35°C. Solvent A was 0.1% formic acid in water.
The LTQ-Orbitrap XL hybrid mass spectrometer was operated in positive ionization mode. The MS survey scan for all experiments was performed in the FT cell recording a window between 350 and 1600 m/z. The resolution was set to 60000 at m/z 400 and the automatic gain control (AGC) was set to 500,000 ions. The m/z values triggering MS/MS were put on an exclusion list for 90 s. The minimum MS signal for triggering MS/MS was set to 5000. In all cases, one microscan was recorded. For HCD, the applied acquisition method consisted of a survey scan to detect the peptide ions followed by a maximum of three MS/MS experiments of the three most intense signals exceeding a minimum signal of 5,000 in survey scans. For MS/MS, we used a resolution of 7,500, an isolation window of 2 m/z and a target value of 100,000 ions, with maximum accumulation times of 400 ms. Fragmentation was performed with normalized collision energy of 50% and an activation time of 30 ms. For each experiment, three technical repeats were performed.
Database search and quantification
The 2.3.02 version of the Mascot software (Matrix Science) was used to simultaneously identify and quantify proteins. In this version, only unique peptide used for protein quantification can be chosen, which is more precise to quantify proteins. Searches were made against the Arabidopsis protein database (TAIR9_pep_20090619, 33,410 sequences;
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR9_blastsets/) concatenated with a decoy database containing the randomized sequences of the original database. For each technical repeat, spectra from the 20 fractions were combined into one MGF (Mascot generic format) file after loading the raw data and the MGF file were searched. For biological repeats, spectra from the three technical repeats were combined into one file and searched. The search parameters were as follows: trypsin/P was chosen as the enzyme with two missed cleavages allowed; fixed modifications of carbamidomethylation at Cys, variable modifications of oxidation at Met and iTRAQ 4plex at Tyr; peptide tolerance was set at 10 ppm and MS/MS tolerance was set at 0.6 Da. Peptide charge was set Mr and monoisotopic mass was chosen.
iTRAQ 4plex was chosen for quantification during the search simultaneously.
The search results were passed through additional filters before exporting the data. For protein identification, the filters were set as follows: significance threshold P < than 0.05 (with 95% confidence) and ions score or expect cut-off < than 0.05 (with 95% confidence). For protein quantitation, the filters were set as follows: 'weighted' was chosen for protein ratio type (http://mascot-pc/mascot/help/quant_config_help.html); minimum precursor charge was set to 1 and minimum peptides was set to 2; only unique peptides were used to quantify proteins.
Summed intensities were set as normalization and outliers were removed automatically. The peptide threshold was set as above homology.
Statistical analysis
Proteins with significant changes in abundance upon Fe deficiency were selected using a method described by Cox and Mann (2008) . In brief, the mean and SD from the log2 ratios of the 2882 quantified proteins overlapping in both biological repeats was calculated. Next, 95%
confidence (Z score =1.96) was used to select those proteins whose distribution was removed from the main distribution. For the down-regulated proteins, the confidence interval was - 
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